A null mutation was introduced into the mouse desmin gene by homologous recombination. The desmin knockout mice (Des Ϫ / Ϫ ) develop normally and are fertile. However, defects were observed after birth in skeletal, smooth, and cardiac muscles (Li, Z., E. Colucci-Guyon, M. Pincon-Raymond, M. Mericskay, S. Pournin, D. Paulin, and C. Babinet. 1996. Dev. Biol. 175:362-366; Milner, D.J., G. Weitzer, D. Tran, A. Bradley, and Y. Capetanaki. 1996 . J. Cell Biol. 134:1255-1270. In the present study we have carried out a detailed analysis of somitogenesis, muscle formation, maturation, degeneration, and regeneration in Des Ϫ / Ϫ mice. Our results demonstrate that all early stages of muscle differentiation and cell fusion occur normally. However, after birth, modifications were observed essentially in weight-bearing muscles such as the soleus or continually used muscles such as the diaphragm and the heart. In the absence of desmin, mice were weaker and fatigued more easily. The lack of desmin renders these fibers more susceptible to damage during contraction.
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We observed a process of degeneration of myofibers, accompanied by macrophage infiltration, and followed by a process of regeneration. These cycles of degeneration and regeneration resulted in a relative increase in slow myosin heavy chain (MHC) and decrease in fast MHC. Interestingly, this second wave of myofibrillogenesis during regeneration was often aberrant and showed signs of disorganization. Subsarcolemmal accumulation of mitochondria were also observed in these muscles. The lack of desmin was not compensated by an upregulation of vimentin in these mice either during development or regeneration. Absence of desmin filaments within the sarcomere does not interfere with primary muscle formation or regeneration. However, myofibrillogenesis in regenerating fibers is often abortive, indicating that desmin may be implicated in this repair process. The results presented here show that desmin is essential to maintain the structural integrity of highly solicited skeletal muscle. D esmin, a protein of 52 kD has been identified as the constitutive subunit of the intermediate filaments (IF) 1 in skeletal, cardiac, and smooth muscles (Lazarides and Hubbard, 1976; Small and Sobieszek, 1977; Geisler and Weber, 1982; Traub, 1985) . During mouse embryogenesis desmin is first detected in the embryo at 8.5 days postcoitum (d.p.c.) in the heart rudiment, and then with increasing intensity in the myocardial cells. From 9 d.p.c., desmin is also found in the myotomes of the somites with a rostro-caudal gradient of expression (Fürst et al., 1989; Herrmann et al., 1989; Schaart et al., 1989; Li et al., l993) . The first recognizable step in skeletal muscle myogenesis seems to be the initiation of desmin synthesis in replicating presumptive myoblasts. Other muscle-specific proteins, such as sarcomeric actins, myosins, titin, and myomesin, appear only in the postmitotic mononucleated myoblasts (Grove et al., 1985; Hill et al., 1986; Kaufman and Foster 1988; Babai et al., 1990; Allen et al., 1991; Mayo et al., 1992) . At 13 d.p.c., strong desmin synthesis is found in the newly forming primary myotubes in the limbs. Initially these desmin filaments are longitudinally oriented. During subsequent muscle maturation, an extensive change in myofiber architecture occurs whereby Z disks become aligned, nuclei move from central to peripheral locations, and tubules adopt a transverse orientation. The preexisting desmin IF networks shift from a longitudinal to a predominantly transverse orientation, associated with the Z disk. Skeletal muscles are characterized by the precise organization of the contractile proteins into striated myofibrils resulting from repeating units, the sarcomeres arranged in series (for review see Schiaffino and Reggiani, 1996) . Associated with the end of the sarcomere, desmin intermediate filaments occupy a strategic position, linking individual myofibrils laterally at their Z disks and interconnecting sarcomeres to the sarcolemma membrane. Morphological data have suggested that desmin filaments are implicated in muscle resistance, and it has been predicted that intermediate filaments may elongate locally if sarcomeres lose the ability to generate and transmit active force. In such a case, desmin may serve as a relay in transmitting tension and preventing a breakdown of force transmission between adjacent sarcomeres (Wang et al., 1993) .
Desmin has also been postulated to play a critical role at different early steps of myogenesis both during myogenic commitment and differentiation. Studies carried out with C2C12 cells demonstrated that myotube formation could be blocked by desmin antisense RNA in vitro (Li et al., 1994) . The same group, using ES cells with both copies of the desmin gene inactivated, reported an absence of myogenic differentiation in these cultures (Weitzer et al., 1995) . However, by using a gene targeting approach in mice, we have demonstrated that desmin does not play such an essential role during myogenesis, since mice lacking desmin develop normal skeletal muscles . Homozygous mutant Des Ϫ / Ϫ mice have an apparent normal external morphology, but are smaller than control litter mates. We found morphological abnormalities in skeletal, smooth, and cardiac muscle Thornell et al., 1997) . Similar observations were also made with another allele of desmin null mice (Milner et al., 1996) . Thus the two different desmin knockouts give rise to mice with the same phenotype.
In the present study we have examined in detail the in vivo consequence of the absence of desmin at different stages of skeletal muscle development to answer the following questions: Is myoblast fusion and myotube formation modified in the absence of desmin? Is the organization and maintenance of myofibrils in register dependent on the transverse desmin distribution? Are biochemical or mechanical properties modified when desmin is absent from muscle fibers?
To answer these questions, we have looked at the different stages of somitogenesis, skeletal muscle formation, maturation, degeneration, and regeneration in Des Ϫ / Ϫ , Ϫ / ϩ , and ϩ / ϩ mice. To analyze the role of desmin during somitogenesis, we have taken advantage of the replacement of desmin by the LacZ coding sequence. In these desmin knockout mice (Des Ϫ / Ϫ ) we can follow the specific ␤ -galactosidase expression in myogenic cells by their blue coloration and examine whether there are abnormalities or differences either in the chronology or morphology of the formation of myotomes in the mice lacking desmin. We found that early stages of muscle differentiation and cell fusion occurred normally in utero in the absence of desmin. Muscle maturation also occurred on time, and a normal muscle fiber phenotype was seen in all muscles. However, as early as 2 wk after birth, we found that there were ultrastructural modifications in myofibril organization, necrosis, and focal regeneration. These modifications were prominent in muscles that are continually solicited, such as the diaphragm and soleus, where they were eventually accompanied by a modification in muscle phenotype. It is interesting to note that the Des Ϫ / Ϫ mice fatigued more quickly and had less force than their control littermates. Our results imply that desmin is not required for myogenic commitment, differentiation, and fusion, but is essential to maintain the tensile strength and integrity of muscle fibers.
Materials and Methods

Construction of the Targeting Vector, Generation, and Identification of Desmin Knockout Mice
To disrupt the desmin gene, one targeting vector was constructed in which an Escherichia coli LacZ gene was inserted in frame into the first exon of the desmin gene. Details of the construction of the desmin targeting vector, production of targeted ES cell lines, and obtention of desmin knockout mice have been described previously .
Histochemical Staining for ␤ -Galactosidase
Pregnant mice were killed by cervical dislocation; embryos and fetuses at 7-18 d of gestation were isolated, washed in PBS, and fixed for 30-60 min depending on their size in 1% paraformaldehyde plus 0.2% glutaraldehyde in PBS. After washing four times in PBS, embryos were stained in toto for LacZ as described . Photographs were taken using a stereomicroscope (Leitz, Wetzlar, Germany).
Immunofluorescence
Frozen sections (5-and 0.25-m-thick) of mouse muscles were used for immunofluorescence. For immunostaining, frozen sections were fixed in acetone for 10 min. After four 3-min washes in PBS, tissue sections were treated with 20% goat serum. All antibodies were diluted in 1% BSA in PBS. The primary antibody dilutions were as follows: antidesmin (rabbit polyclonal; Biomakor, Rehouot, Israel), 1:100; antivimentin (goat polyclonal or mouse monoclonal, DAKOPATTS, Copenhagen, Denmark), 1:50; anti-slow, 1:20 and anti-fast myosin heavy chains (MHCs), 1:10 (Novocastra, Newcastle, UK); FITC-conjugated, anti-rabbit and anti-goat IgG antibodies (DAKOPATTS); and anti-mouse IgG antibodies (Biosys, Compiègne, France) were used as the secondary antibodies. Slides were mounted in Mowiol. Immunostaining of semithin cryosections was performed according to the method described by North et al. (l993) with antiactin, anti-␣ -actinin, antidesmin, and antititin antibodies with the help of J.V. Small (Salzburg, Austria). Fluorescent labeling of semithin cryosections was performed using the biotin streptavidin-FITC system supplied by Amersham Intl. (Little Chalfont, UK). Final mounting was in Gelvatol containing 2.5 mg/ml N -propyl gallate as an antibleaching agent. Microscopy was carried out using a Zeiss Axioskop epifluorescence microscope (Carl Zeiss, Inc., Oberkochen, Germany).
Histological Analysis
For histological analysis, 5-m-thick paraffin or frozen sections were fixed for 5 min in 2% paraformaldehyde and washed in PBS. Hematoxylin and eosin staining or Gomori's modified trichrome staining were carried out as described (Mallory, 1961) .
Myosin Heavy Chain Gel Electrophoresis
Analysis of MHC by gel electrophoresis was carried out according to the method of Talmadge and Roy (1993) , with the following modifications (Agbulut et al., 1997) ; 10 mM ␤ -mercaptoethanol was added to the upper buffer and gels were migrated for 30 h at 72 V.
ATPase Histochemical Analysis
ATPase enzyme histochemistry was carried out as described by Brooke and Kaiser (1970) . Muscle samples from diaphragm, soleus, and gastrocnemius were taken from 4 to 12-wk-old mice and frozen sections were analyzed. After preincubation at pH 4.35, ATPase activities were revealed. For each muscle, 10 transverse sections were processed and the number of each fiber type was determined after counting 10 3 fibers per section. 10 mice were analyzed at each age.
Transmission Electron Microscopy
For electron microscopy, muscles were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 h. After postfixation for 1 h at 4 Њ C in 2% osmium tetroxide and acetone dehydration, the samples were embedded in polybed 812 resin. Ultrathin sections were stained with uranyl acetate and lead citrate on a LKB 2168 ultrastainer and observed in a Jeol 1200 electron microscope (JEOL USA, Peabody, MA).
Measurement of Endurance and Force of Mice
The muscular performance was analyzed in 12 5-mo-old animals (Neurofit, Illkirch, France). The endurance was analyzed by measuring the ability of an animal to catch and hold onto a 32-g bar. The mouse was held up by the tail and allowed to catch the bar either with all four limbs or with the two forelimbs. The time that the animal could hold onto the weight was measured. Another series of experiments were carried out by repeating the exercise five times a day during 5 d.
The maximum force was measured using a dynamometer linked to a bar and to an analogical conditioner (Entran MM45A; Neurofit, Illkirch, France). The animal was allowed to catch the bar with either all four limbs or with the two forelimbs. Then the mouse was regularly pulled back by the tail until it released the bar. The maximum force unit was in milliNewtons. All the data were compared by analysis of variance (ANOVA) followed by the Scheffé post hoc test. Fisher tests giving values of P Ͻ 0.05 were considered to be statistically significant.
Measurement of the Mechanical Properties of Isolated Muscles
These experiments were carried out as described by Lensel-Corbeil and Goubel (1989) . Each muscle was mounted horizontally in a chamber containing Ringer solution (115 mM NaCl, 28 mM NaHCO 3 , 2.5 mM CaCl 2 , 3.1 mM MgSO 4 , 35 mM KCl, 1.2 mM KH 2 PO 4 , and 11.1 mM glucose) maintained at 25 Њ C and oxygenated with a gas mixture containing 95% O 2 and 5% CO 2 (final pH 7.3). The proximal part of the muscle was fixed to a force transducer, and the distal extremity was connected to the moving part of an electromagnetic ergometer described in detail elsewhere (Lensel-Corbeil and Goubel, 1989) . Mechanical properties were measured with the help of F. Goubel and M. Almeida-Silveira (Compiègne University, Compiègne, France). The muscular performance was analyzed on isolated soleus muscles of 2-and 5-mo-old mutant and control mice.
Electrophysiological Recording
Mice were deeply anesthetized and normal body temperature was maintained with a heating lamp. The sciatic nerve was stimulated at paraspinal sites. Stimulation consisted of single 0.2-ms, 1-Hz supra maximal pulses through a skin electrode. A ground needle electrode was placed on the back of the mouse. An anode needle was inserted at the base of the tail. A reference needle electrode was placed near the Achilles' tendon. The evoked compound muscle action potentials (CMAP) was recorded from the medial part of gastrocnemius and plantaris muscles with a unipolar needle electrode. The distal latency (DL) of evoked potential was measured in ms. It includes the duration of motor nerve conduction between the stimulating and the recording electrodes, plus the synaptic transmission.
Measure of Motor Coordination
To measure motor coordination, two methods were used. The first method consisted of putting the mice on a rotating apparatus (Rotarod, Neurofit; 1-cm-diam rod at 12 rpm) and measuring the time that mice remained on the bar. The second method measured the time that mice needed to cross a suspended rod (1.5-cm-diam, 40-cm length). Mice were put on the extremity of a rod and walked across the rod to reach a platform.
Regeneration Induced by Cardiotoxin
Muscle regeneration was induced by injection of 500 l of cardiotoxin (Latoxan, Rosans, France) at 80 g/ml into the lower hind limb muscles of Des Ϫ / Ϫ mice. Injected and contralateral muscles were examined 7 and 21 d after injection. Frozen sections were either stained for ␤ -galactosidase or reacted with an antibody specific for neonatal MHC (Ecob-Prince et al., 1986) .
Results
During Embryogenesis the Absence of Desmin Is Compatible with Somitogenesis and Myotome Formation
In vertebrates, skeletal muscle is derived from somites, which are formed by segmentation of the paraxial mesoderm. In the mouse, the somites begin to form at 8 d d.p.c. and progress caudally over a period of several days (Tam, 1986) . Initially, they appear as epithelial balls of cells with no discernable morphological heterogeneity. Then, somites mature and become compartmentalized, the ventral portions forming the sclerotomes, and the dorsal portions the dermomyotomes. The dermomyotomes also give rise to the dermatome, which contributes to skin and to the myotome; the myotome differentiates into the myotomal muscles and axial musculature (Rugh, 1968) .
To analyze the role of desmin during somitogenesis we have taken advantage of the replacement of desmin by the LacZ coding sequence via homologous recombination in ES cells. In the resulting desmin knockout (Des Ϫ / Ϫ ) mice, we can follow the specific ␤ -galactosidase expression in myogenic cells by their blue coloration and examine whether there are abnormalities or differences either in the chronology or morphology of the formation of myotomes in the mice lacking desmin. We have compared the blue staining of the Des Ϫ / Ϫ , the Des ϩ / Ϫ mice obtained after crossing heterozygous mice, and the previously described Des ϩ / ϩ transgenic mice . As shown in Fig. 1 , no morphological differences could be detected at this stage (11 d.p.c.) for Des Ϫ / Ϫ embryos ( Fig. 1 B ) compared to desmin-expressing embryos Des ϩ / Ϫ ( Fig. 1 A ) , and these mice were indistinguishable from the wild-type counterparts. Somites displayed the same morphology as described previously for the Des ϩ / ϩ transgenic mice . Sections of somites from Des Ϫ / Ϫ , Des ϩ / Ϫ , and Des ϩ / ϩ are shown in Fig. 2 , A-C. We observed a normal ventral extension of the dermomyotome at the thoracic level.
This stage of somitogenesis is followed by the migration of myogenic progenitor cells from the somites into the limb buds at 11.5 d.p.c. in both mutant and control embryos (Fig. 2, D and E ). These results demonstrate that desmin is not needed for the early stages of myogenesis, somite formation, myotome differentiation, and migration of myogenic precursor cells. Des Ϫ/ϩ (A) and Des Ϫ/Ϫ (B) embryos were stained for ␤-galactosidase activity. All myogenic cells appeared blue with a higher intensity in the homozygous (two LacZ copies) than in the heterozygous (one LacZ copy). We observed a normal dermomyotome ventral extension at the thoracic level. h, heart; dm, dermomyotome; hg, hindgut; hl, hindlimb. Muscle growth in 13. pressed after myoblast commitment and fusion to replace desmin? Analysis of vimentin expression during embryonic development in myogenic cells was performed with antibodies against vimentin on cryostat sections on 10.5-d.p.c. embryos from Des ϩ/Ϫ heterozygous and Des Ϫ/Ϫ homozygous mice. The dermomyotome in 10.5-d.p.c. embryos is composed of at least two cell populations, one that will give rise to muscles of the trunk, and the second to epithelial cells of the skin. By morphological criteria, the myotomal cells cannot be distinguished from their neighbors. However in our mice, the nuclear blue staining was used to characterize the myogenic population. At these stages, desmin-positive mononucleated cells located in the lateral part of the Des ϩ/Ϫ myotome are labeled with blue nuclei and brown cytoplasm (Fig. 2 F) but are negative for vimentin (Fig. 2 G) . Mononucleated cells located in the lateral part of the Des Ϫ/Ϫ myotome are labeled with a blue nucleus but are negative for desmin and vimentin (Fig. 2  H) . We do not find vimentin-positive cells in the dermomyotome in 10.5-d.p.c embryos, only in the neural tube. There was no increase in the amount of vimentin or in the number of positive cells in the Des Ϫ/Ϫ mice. Preliminary results indicate that in vimentin and desmin null double-mutant mice, all muscles are present and form normally (data not shown).
The Formation of Myofibers Does Not Require Desmin
Muscle histogenesis in mice is initiated by the differentiation of a primary generation of myotubes 13-16 d.p.c. After their formation, myoblasts cluster around the primary cells and use their walls as a cellular scaffold to support the formation of a secondary generation of myotubes. This step begins at 16 d.p.c. in mice. To examine the possibility of abnormalities or differences of timing in the formation of primary and secondary myotubes, we looked at both the enzymatic activity of ␤-galactosidase and the immunodetection of myosin, to analyze muscle morphogenesis.
The blue staining obtained with the Des Ϫ/Ϫ mice was compared to Des ϩ/Ϫ. The shape and size of the muscles (i.e., latissimus dorsi, spinodeltoideus, trapezius, and cutaneous maximus) in the Des Ϫ/Ϫ fetuses at 13.5 ( and l5 d.p.c. (Fig. 1 D) were indistinguishable from their wild-type littermates. We found that the growth of trunk and limb muscles occurred on time; this was also true for head muscles (Fig. 1, E and F) . This was evident for the biceps and triceps brachii, acromio and spinodeltoidus, extensor and flexor muscles of the foreleg (Fig. 1 G) , and vastus lateralis, tibialis anterior, and soleus of the hindleg (Fig. 1 H) .
Two major waves of muscle formation lead to primary and secondary generation fibers that display different MHC profiles. To determine the stage of maturation of myofibers, MHC profiles were characterized using antibodies against slow and fast MHC on frozen transversal sections of 17.5-d embryos. Fig. 3 , A and B, shows the same positive reaction with the slow MHC antibody in the primary fibers of the trapezius muscles in both Des Ϫ/Ϫ and Des ϩ/ϩ mice. Fig. 3 , C and D, show the same positive reaction in the secondary fibers of muscles in Des Ϫ/Ϫ, compared to Des ϩ/ϩ mice. Thus the absence of desmin does not prevent the fusion of myoblasts, nor the formation and further maturation of myofibers. Since we show that skeletal muscles form normally in the Des Ϫ/Ϫ mice, it is reasonable to propose that in vivo desmin is not essential for myogenic commitment, myoblast fusion, or differentiation.
At 17.5 d.p.c., myotube formation is committed in muscles of the trunk, limbs, and head. At this stage we confirm that vimentin reactivity is totally absent in multinucleated myotubes for both Des ϩ/ϩ and Des Ϫ/Ϫ (Fig. 3, I and J), whereas desmin is found only in Des ϩ/ϩ normal mice (Fig. 3 E compared to Fig. 3 F) .
At birth, heterozygous mice showed no obvious anatomical or behavioral defects, and the homozygous mutant mice had an apparently normal external morphology. The expected Mendelian distribution of wild type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and homozygous mutant (Ϫ/Ϫ) was obtained, indicating that prenatal development can proceed normally without desmin, and that there is no prenatal mortality.
Having demonstrated that development occurs normally without desmin we asked the question: Would vimentin be reexpressed in adult mice? We looked for the presence of desmin and vimentin by immunofluorescence and Western blot analysis in the leg muscles of 1-mo-old mice. Western blot analysis of total extracts prepared from limb muscles confirmed that the desmin immunoreactivity detected in the wild-type was absent in Des Ϫ/Ϫ mice (not shown). Furthermore, immunocytochemistry performed on the soleus muscles using both monoclonal and polyclonal antidesmin antibodies confirmed the absence of desmin in Des Ϫ/Ϫ mice. Fig. 3 (K and L) clearly demonstrates that no vimentin reactivity was found inside the myofibers. The vimentin reactivity found around the myofibers corresponds to connective tissue forming the endomysium and to the mesenchymal derivative cells of the vessels. We conclude therefore that vimentin does not replace desmin in the muscle fibers of Des Ϫ/Ϫ mice.
Myosin Heavy Chain Isoform Switching during Postnatal Development
To determine the pattern of muscle fiber type formation we have analyzed the different myosin isoforms by gel electrophoresis. Experiments were carried out on 1-and 3-mo-old mice. Three muscles were chosen: the diaphragm, a continually active muscle even before birth; the soleus, a postural and weight-bearing muscle; and the gastrocnemius, a typical fast-phasic muscle. Electrophoretic separation of MHC isoforms from these muscles is shown Fig. 4 A. Four major isoforms (IIx/D, IIA, IIB, and I) were identified in these muscles. When we compared the Des ϩ/ϩ and Ϫ/Ϫ mice, similar patterns of MHC were found at 1 and 3 mo. However, the yield of MHCs per mg of tissue was always less in the Des Ϫ/Ϫ mice (15-20%).
Extracts of soleus muscles showed three bands corresponding to the fast IIA and IIx/D isoforms, and the slowtype isoform I. After three months in the soleus of Des Ϫ/Ϫ mice, there was a 25-50% decrease in the amount of IIx and IIA MHC. In the diaphragm of these mice, four bands were observed in the extracts corresponding to the three fast isoforms IIA, IIB, IIx/D, and to the slow isoform I. Their proportion differed slightly in the Des Ϫ/Ϫ mutant, in which there was a slight decrease in the amount of the IIB isoform. For the gastrocnemius muscles, the extracts from the ϩ/ϩ and Ϫ/Ϫ mice contained four isoforms with a predominant synthesis of IIB present in the same amount in all three extracts. The change in the ratio of fast to slow MHC for Des Ϫ/Ϫ soleus and diaphragm could be due to degeneration and regeneration in these highly solicited muscles.
Pattern of Fiber Types in Adult Muscle Characterized by ATPase Activity
To quantify the number of slow and fast fibers present in the three muscles described above we analyzed the ATPase activity. Fast fibers (type II) displayed a low ATPase activity after acid preincubation, whereas slow fibers (type I) exhibited a high activity. The histological differences in the activity of ATPase between type I and type II fibers correspond to differences in their contractile activity. The results for the ϩ/ϩ and Ϫ/Ϫ mice are presented in Fig. 4 B. In the gastrocnemius and the diaphragm, the percentage of fibers were the same in all mice: 90% fast and 10% slow in the gastrocnemius; and 86% fast and 14% slow in the diaphragm. In the soleus muscle, a significant difference was seen in the Des Ϫ/Ϫ mice at 4 wk, where the percentage of fast fibers was 40% compared to 55% in the Des ϩ/ϩ, and at 12 wk the difference is even more pronounced (10% compared to 45%). The decrease observed by gel electrophoresis in the soleus of Des Ϫ/Ϫ mice was correlated with a decrease in the number of MHC type II fibers.
Sarcomeres Are Formed in the Absence of Desmin
After birth, an extensive shift in myofiber architecture occurs whereby Z disks become aligned, nuclei move from a central to a peripheral location, and tubules adopt a transverse orientation. The preexisting IF networks shift from a longitudinal to a predominantly transverse orientation, and align along the I-Z-I regions. To determine if the ab- sence of desmin influences the organization of individual myofibrillar proteins within the sarcomere, ultrathin sections from different muscles (soleus, diaphragm, gastrocnemius) were stained with antibodies against actin, ␣-actinin, titin, and desmin. The results (presented in Fig. 5 A) demonstrate the typical regular striated pattern obtained on the soleus muscle from a 2-mo-old Des Ϫ/Ϫ mutant obtained with the antibodies against actin, ␣-actinin, and titin. This confirmed that sarcomeric organization occurs normally in the absence of desmin.
However, certain irregularities were observed in the organization of the myofibers in the soleus in the Des Ϫ/Ϫ mice, such as lack of alignment of myofibrils and insertion of extra sarcomeres giving rise to s.c. nonius periods. Similar findings were observed in the electron microscope (Fig.  5 B) . In this figure it can be seen that there is disorganization and splitting of the myofibrils. This splitting is clearly demonstrated in the ultrathin sections stained with the antibody against titin where it can be seen that the Z bands are sometimes not in register.
At higher magnification, examination of the ultrastructure of the soleus shows areas with abnormal sarcomeres with no clear demarcation of I and A bands, as well as disintegrated myofibers with sparse filaments (Fig. 5 C) . In longitudinally sectioned myofibers, links between myofibrils in Des Ϫ/Ϫ mice were observed. These links ran from one myofibril at the M band level to one M band or to the Z disk regions of another myofibril. Links of filamentous material were also observed between myofibrils at the Z and/or M bands levels to small periodic densities at the sarcolemma. This proves that proteins other than desmin form interconnecting links between myofibrils and between myofibrils and the sarcolemma. However, myofibrillar disorganization is not a prominent finding typical of Des Ϫ/Ϫ mice and when it occurs it might be a secondary phenomenon due to an abnormal muscle regeneration in the absence of desmin.
Lack of Desmin Results in Focal Degeneration and Regeneration in Highly Solicited Skeletal Muscles
Using the electron microscope, we examined more closely the ultrastructure of the soleus, the weight-bearing muscle, from newborn to 10-wk-old mutant mice. From 2 wk and onwards, Des Ϫ/Ϫ mice show unquestionable signs of muscle fiber death (Fig. 6 ). Focal areas with the size of a muscle fiber diameter showed macrophage accumulation and presence of cells having characteristics of activated satellite cells, i.e., light cytoplasm with many ribosomes, nascent myofilaments, and large, centrally placed nuclei. Remnants of a surrounding basement membrane were often seen. In other areas in muscles of the same age profiles concurrent with fiber splitting were observed. In longitudinal sections, muscle fibers having a light cytoplasm contained some organized myofibrils, but mainly disorganized myofibrils were observed in all groups after 2 wk of age.
By 10 wk, a large variability in fiber diameter was observed (Fig. 7 A) . Many muscle fibers showed prominent subsarcolemmal accumulations of mitochondria, and extensions and undulations of the sarcolemma (Fig. 7, A and  B) . Although high concentrations of desmin have been reported to be present at the myotendinous junction (Tidball, 1992) , no obvious structural defects were found at the myotendinous junctions of the mutant (data not shown). Empty profiles of basement membranes, some containing interstitial cells, were present in areas of small-sized fibers, which often showed myofibrillar disorganization (Fig. 7,  C-E) . Thus a typical morphology for muscular dystrophies: degeneration, regeneration, and fibrosis were observed.
The number of central nuclei in the soleus and extensor digitorum longus (EDL) of Des Ϫ/Ϫ mice increased with the age: for soleus, 10 central nuclei for 10 3 fibers for 1-mo-old mice; and 75 central nuclei for 10 3 fibers for 9-mo-old mice. For EDL the number increased from 2 to 30 central nuclei for 10 3 fibers (Fig. 8 C) , confirming the presence of continual regeneration in Des Ϫ/Ϫ muscles.
Muscle Regeneration Induced by Cardiotoxin Injection and Effect of Exercise
Postnatal growth of skeletal muscle fibers is accompanied by the proliferation of muscle satellite cells. Some of these cells remain as undifferentiated myogenic stem cells located between the basal lamina and the plasma membrane of the muscle fibers. After muscle injury, satellite cells proliferate and fuse to form new muscle fibers that express transiently developmental myosin isoforms. To determine whether in the absence of desmin the satellite cells are able to participate to the regeneration process, two types of experiments were performed: (a) injection of myotoxic drug; and (b) intensive exercise.
After injection of cardiotoxin, there was necrosis and degeneration of the muscle fibers. This was followed by a proliferation of the satellite cells, which then fused to form new muscle fibers. Fig. 8 B shows central nuclei with ␤-galactosidase staining and detection of neonatal MHC by immunofluorescence. At 7 d, the myotubes predominantly express the neonatal MHC. By 21 d, these fibers have increased in size and the neonatal MHC has almost been eliminated to be replaced by the adult myosin isoforms.
These results confirm that after injury, skeletal muscle can regenerate successfully in the Des Ϫ/Ϫ mice.
In the second type of experiment, the Des ϩ/ϩ, Des ϩ/Ϫ, and Des Ϫ/Ϫ mice were submitted to intensive exercise for 5 d, and then animals were divided into two groups. One group was examined after exercise; the other was examined after a subsequent 5-d rest period to permit the recuperation. The following parameters were determined on the soleus and EDL muscles on 10 sections originating from four different animals in each experimental group: NADH activity, X-Gal staining, and the number of central nuclei. Before exercise, muscle nuclei can be recognized by X-Gal blue staining in peripheral nuclei. After 5 d of exercise, intense X-Gal staining was observed in a subpopulation of fibers, in both the soleus and EDL of Des Ϫ/Ϫ mice (Fig. 8  A) . In the group that had been allowed to recuperate for 5 d after exercise, the intensity and location of the blue staining returned as before exercise. After 5 d of exercise, the number of central nuclei stained with hematoxylin increased slightly in soleus (35-45 for 10 3 fibers; Fig. 8 C) . To analyze the mitochondrial activity, staining for NADH was performed. After 5 d of exercise, NADH staining was found to be increased in Des Ϫ/Ϫ EDL and soleus. Large accumulations at the periphery of the fibers was characteristic of soleus fibers of Des Ϫ/Ϫ mice.
Muscular endurance was measured on the same groups of animals described above. As seen in Fig. 8 D, after 5 d of training, muscular endurance was increased in the control group. However this was only transitory, since when the animals were allowed to recuperate for 5 d, muscular endurance had returned to the same value as before training. In contrast, in Des Ϫ/Ϫ mice, there was no increase of endurance with exercise.
Mice Without Desmin Show Weakness, and Have No Resistance to Endurance
Muscular performance, endurance and motor coordination were determined on 5-mo-old mice weighing 25 g. Force developed by isolated soleus muscles from 2-and 5-mo-old mice was measured.
Maximum Force. The first analysis measured the maximum force that could be developed by the Des Ϫ/Ϫ, Des ϩ/Ϫ, and Des ϩ/ϩ mice (Fig. 9 A) . The animals were allowed to catch a bar with either all four limbs or with the two forelimbs. The mice were then pulled out by the tail until they released the bar. The maximum force was significantly reduced by a factor of two in the homozygous Des Ϫ/Ϫ mice, compared to the wild-type mice (14 mN Ϯ 1 compared to 24 mN Ϯ 1.5 for four limbs, and 4.2 mN Ϯ 0.7 compared to 10). The Fisher test gave a value of P Ͻ 0.01 for the four-limb experiment and P Ͻ 0.05 for the twolimb experiment. There was no significant difference for the maximum force generated between the heterozygous Des ϩ/Ϫ mice and the wild-type mice.
Force of Isolated Soleus. The force was analyzed on isolated soleus muscles of 2-and 5-mo-old Des Ϫ/Ϫ mutant and control mice. The Des Ϫ/Ϫ and Des ϩ/ϩ groups had been selected to display no significant differences in body weight.
Isolated soleus muscles were maintained at 25ЊC in a chamber containing Ringer's solution, with one extremity fixed to a force tranducer, and one to an electromagnetic ergometer. Fig. 9 B shows that the maximum force generated during tetanic stimulation was reduced by 25% for the 2-mo-old Des Ϫ/Ϫ compared to the wild-type. The soleus of the 5-mo-old mutant mice lost almost all the force. By 5 mo, the force had been reduced by 90% in the Des Ϫ/Ϫ, compared to age-matched controls.
Muscular Endurance. The muscular endurance was defined by the ability of an animal to catch a bar and hold onto a 32-g weight, and was measured in seconds. These results are presented in Fig. 9 C. All the wild-type mice were able to hold onto the bar with four limbs for at least 60 s. By contrast, the mice lacking desmin showed a severe eightfold decrease in their resistance to endurance, independently of whether they caught the bar with two limbs 
A significant sixfold reduction in the endurance of the homozygous Des Ϫ/Ϫ mice, compared to the heterozygous Des ϩ/Ϫ mice was also demonstrated for endurance using the four limbs (7.7 Ϯ 2 s, compared to 48.3 Ϯ 11 s). The Fisher test gave a significance value of P Ͻ 0.001. It was observed that heterozygous Des ϩ/Ϫ mice also have a threefold decreased endurance (7.7 Ϯ 4.7 s, compared to the control mice 21.5 Ϯ 6.5 s) when endurance was measured on the two forelimbs (P Ͻ 0.05).
Motor Coordination. Two methods were used to measure motor coordination. The first method concerns the time that mice stay on a rotating rod and the second method the time the mice needed to cross a suspended rod. Analyses were performed with two groups of 12 5-mo-old animals, weighing 25 g. Performances measured either by putting the mice on a rotating apparatus or measuring the time that mice need to cross a rod shows that the capacity of the Des Ϫ/Ϫ mice are considerably reduced (Fig. 9 D) . On the rotating apparatus the mutant could stay balanced on the rod only half the time that the control (60 s, compared to 130 s). The mutant mice took 7 s to cross the rod; this is more than three times greater than the time for the control mice who crossed the rod in 2 s.
Electrophysiological Recording
CMAP and DL. Analyses were performed with two groups of Des Ϫ/Ϫ and Des ϩ/ϩ mice. The right sciatic nerve of anesthetized mice was stimulated at paraspinal sites. The CMAP were recorded from the medial part of the gastrocnemius and plantaris muscles. Fig. 9 , E and F, shows the results obtained for CMAP and for the DL measured in parallel in gastrocnemius and plantaris muscles in both Des Ϫ/Ϫ or Des ϩ/ϩ. Slight differences were recorded, and these included the duration of motor nerve conduction and the synaptic conduction. The electromyography recordings showed low values of CMAP in gastrocnemius muscles in Des Ϫ/Ϫ when compared to values of Des ϩ/ϩ, (45 and 53 mV, respectively). The DL increased, suggesting a decrease of the motor nerve conduction velocity (i.e., for gastrocnemius 1.2 ms compared to 0.8 ms at the basal level, and 2 ms compared to 1.5 ms at the upper level). These results could reflect a subtle modification of the neuromuscular junction in muscles of Des Ϫ/Ϫ mice.
Spontaneous Fibrillation Potentials (SFP).
The presence of SFP is indicative of a denervation of muscle fibers. The potentials were recorded with a needle inserted in several sites of the gastrocnemius muscle. They were taken into account when their amplitude varied between 20 and 300 mV. In the present study no differences in SFP were found with both Des Ϫ/Ϫ and Des ϩ/ϩ mice.
Discussion
Desmin is one of the first muscle proteins to be expressed during embryogenesis of the somites and during limb formation. It is found in the mononucleate myoblasts as well as in the differentiated myotubes of mature muscle. It has been suggested that desmin may play critical roles at different steps of myogenesis: during myogenic commitment and differentiation; for myoblast fusion and myotube formation; and to link Z disks together and to the membrane. To determine the functions of desmin in vivo, we have constructed mice lacking desmin. To disrupt the desmin gene, E. coli LacZ gene was inserted in frame into the first exon of the desmin gene. This construct deletes the expression of desmin in cardiac, smooth, and skeletal muscles. In the present study, we have taken advantage of the inserted LacZ gene that allows, after enzymohistochemical processing, a visualization of the muscle tissue. We then analyzed the essential steps involved in muscle formation.
Is Myoblast Commitment, Fusion, and Myotube Formation Modified in the Absence of Desmin?
Muscle formation is a progressive incremental process initiated by the myoblast commitment, differentiation, and fusion to form first primary, and then secondary myotubes. As this occurs, new generations of myoblasts cluster around the primary cells and use their walls as a cellular scaffold to support the formation of secondary myotubes. We found that during embryogenesis, somites and myotomes form normally and mononucleate muscle precursor cells migrate in the absence of desmin. It cannot be excluded that vimentin (present in the earliest stages of development [8-9 d.p.c.] ) in presumptive myotomes can partially rescue the desmin null mouse for somitogenesis. However generation of vimentin null mice shows that normal myogenesis occurs without vimentin (Colucci-Guyon et al., 1994) . Preliminary results indicate that vimentin and desmin null double-mutant mice are viable and all muscles are present, and apparently normal (Colucci-Guyon, E., personal communication).
After migration, the myoblasts divide to form first primary, and then secondary generation myotubes. This phase of development occurs in an identical manner in Des Ϫ/Ϫ, Des Ϫ/ϩ, and Des ϩ/ϩ mice demonstrating that desmin is not essential for any of these events. We can thus conclude that desmin is not essential either for the proliferation or for the commitment of these early myoblasts to the myogenic lineage or for the migration, fusion, and subsequent organization of the muscle fiber. Previous reports about the disruption of the intermediate filament network via introduction of mutated desmin in cultured cells (Schultheiss et al., 1991) are in agreement with our conclusion. But these in vivo results contradict in vitro data obtained by the group of Capetanaki, which showed that both myogenic differentiation and myoblast fusion were inhibited in ES cells lacking desmin (Weitzer et al., 1995) . Moreover, satellite cell cultures made from Des Ϫ/Ϫ mice were able to fuse and express MHC (data not shown), reinforcing the fact that desmin is not essential for myoblast commitment and differentiation.
It is interesting to note that there is no lethality with this mutation and the mice appear normal at birth. The lifespan of the mutant is reduced and the oldest Des Ϫ/Ϫ mice have 1 yr, whereas control mice had a 2-yr lifespan. We noticed that the adult mice are often a little smaller than the control littermate. The reason for this difference in size has not yet been determined.
Is Pattern of Fiber Types Modified in Des Ϫ/Ϫ Muscle?
After birth the first discernable effects of the lack of desmin were seen on the muscle fiber phenotype. These effects were mainly observed in the soleus and diaphragm muscles where modifications were accompanied by morphological and biochemical changes. These included variability in fiber diameter, the presence of central nuclei, crescent-shaped sarcolemnal masses, and decrease in the amount of type II MHC. Signs of degeneration with fibrosis, macrophage infiltration, and necrosis appear early in the same muscles. It is interesting to note that these effects were most prominent in the diaphragm and the soleus, which have a different morphogenetic pattern when compared to limb muscle (like the EDL). In the anlage of the diaphragm and soleus muscles, primary myotubes are juxtaposed to one another through the entire length and their membranes are extensively coupled by gap junctions; in the anlage of the EDL by contrast, primary myotubes are coupled only at the myotendinous junctions, but are detached and surrounded by mononucleated cells in the belly of the muscle (Kelly and Rubinstein, 1994) .
Are the Myofibrillar Proteins Correctly Assembled in the Absence of Desmin?
Skeletal muscle is characterized by the precise organization of the contractile proteins into striated myofibrils resulting from repeating units (the sarcomeres) arranged in series. The sarcomere is formed from an interdigitation of thick myosin and thin actin filaments attached to the Z disk to form a repetitive and elastic structure. The Z disk shows fiber type-specific variation in structure, detectable by electron microscopy, and a decrease in thickness from slow type I to fast type II fibers (Gauthier, 1979; Eisenberg, 1983) . Immunohistochemical analysis of ultrathin sections with different antibodies showed that in Des Ϫ/Ϫ muscles, the sarcomeres and their components, even in the absence of desmin, were normally associated. Thus desmin does not play a critical role in the assembly of myofilaments into sarcomeres and myofibrils. These results are in agreement with those obtained by microinjection of truncated desmin in fertilized Xenopus laevis eggs showing that absence of desmin network does not influence the myofibril assembly (Cary and Klymkowsky, 1995) .
Is the Organization of Myofibrils in Register Dependent on the Transverse Desmin Distribution?
Desmin has been postulated to play a critical role in forming the peripheral domain of expanding Z bands, connecting successive Z bands, as well as laterally linking Z bands of adjacent myofibrils to one another and to the sarcolemma. We observed in both the light and electron microscopes that the Z lines were sometimes misaligned and split. This would suggest that when desmin is no longer present to hold the Z disks together and to the membrane, the sarcomere becomes disorganized and eventually disintegrates.
The myofibrillar proteins are all components of the sarcomere and are linked together by a perimyofibrillar cytoskeleton. This cytoskeleton is mainly composed of desmin, but also contains other filamentous proteins such as skelemin, filamin, and synemin (Granger and Lazarides, 1980; Brown and Binder, 1992; Price and Gomer, 1993; Becker et al., 1995) . Interestingly, despite the lack of desmin we are able to show interlinking filaments between myofibrils and the sarcolemma, these filaments probably correspond to an additional cytoskeletal network.
Is Desmin Required for Successful Regeneration?
When muscle damage was induced by injection of cardiotoxin into the muscles of Des Ϫ/Ϫ mice, the process that we observed was very similar to that described in the literature. Satellite cells were activated, proliferated, and then fused to form new myotubes within the existing basal lamina. Therefore the absence of desmin during development seemed to have no effect on these initial events of muscle regeneration.
Focal areas of muscle degeneration and regeneration do, however, occur as early as 5 d after birth in the skeletal muscle of the Des Ϫ/Ϫ mice. The progressive muscle pathology observed in these Des Ϫ/Ϫ mice was very similar to that seen in human muscular dystrophies. Degeneration of muscle fibers, followed by regeneration involving satellite cell activation and formation of new fibers and fibrosis were seen. The frequent observation of faulty myofibrillogenesis in regenerating myotubes and fibers from 11 d postnatally up to 12 wk, indicates that the desmin filaments might be needed to obtain a proper myofibrillar assembly during regeneration, whereas they are no longer needed when the muscle forms. This may be due to the additional mechanical stress applied to these muscles after birth as they regenerate, which would not occur in utero.
Are Mechanical Properties Modified in Desmin-defective Muscles?
Des Ϫ/Ϫ mice were less strong and became fatigued more quickly than either the heterozygous or control littermates. Histological and physiological analyses demonstrate that in the Des Ϫ/Ϫ mice (with aging or after induced exercises), sarcomeres are stretched and fibers become damaged. Recently, in vitro data has predicted that intermediate filaments may also elongate locally if sarcomeres lose the ability to generate and transmit active force. In such a situation, desmin may serve as a bypass mechanism to transmit tension to prevent a breakdown of force transmission between adjacent sarcomeres (Wang et al., 1993) . The desmin filaments of the network that connect parallel myofibrils transversely have been implicated in transmitting tension in the radial direction of the muscle. Measurements of force on isolated soleus muscle differ largely between wild-type and Des Ϫ/Ϫ mice. At 2 mo, the force of the soleus of the mutant is significantly lower than in the control mice. At 5 mo, the soleus of the mutant mice are unable to respond to the stimulation and generate very little force. It is interesting to note that even though there is an increase in the number of slow fibers and an increase in oxidative enzyme activity, these muscles are able to generate little force and fatigue very quickly suggesting that there is a defect in mitochondrial activity. This is confirmed by large accumulations of mitochondria, which are seen both with NADH staining and ultrastructurally. This could suggest that desmin filaments may be involved in maintaining the mitochondria in position within the muscle fibers.
What Is the Role of Desmin in Skeletal Muscle?
In conclusion, if desmin is not required for myoblast commitment, fusion, and myofibrillar assembly before birth, desmin is essential to maintain the integrity of myofibrils upon stress. The lack of desmin thus disturbs the cytoskeletal network also composed of dystrophin, adhalin, and merosin interlinking the extra cellular matrix with the interior of the muscle fiber. Loss of any of the proteins gives rise to a muscular dystrophy with degeneration, regeneration, and fibrosis. However, only highly solicited muscles such as soleus (a weight-bearing muscle) or diaphragm and tongue (both very active muscles) show pronounced structural defects. Thus the lack of desmin IF linkage between the myofibrils and the sarcolemma seems to be crucial to maintain muscle integrity, and its absence in Des Ϫ/Ϫ mice leads to disruption of the muscle fibers. This was confirmed by the continual increase in the number of regenerated central nucleated fibers with age observed in the Des Ϫ/Ϫ mice. It is interesting to note that a similar fragility is seen in mdx (x-linked muscular dystrophy) mice where the absence of dystrophin disturbs the mechanical stability of the plasma membrane. Limbs of dystrophic mice subjected to eccentric contractions experience more fiber necrosis than the contralateral limbs subjected to an equal number of concentric (nonlengthening) contractions (Weller et al., 1990) . From our results it is clear that desmin is not only required to maintain structural integrity in mature muscles but is also important for muscle regeneration; this was demonstrated by the aberrant myogenesis observed in Des Ϫ/Ϫ mice during regeneration. Our results support the hypothesis made originally by Lazarides (1980) that the function of desmin is to distribute the intracellular space to link the Z disks together and to the membrane, and is important to maintain structural integrity of the muscles. In addition rheological studies of Janmey et al. (1991) show that type III IFs play a role as mechanical integrators of space and resist breakage under stresses where other cytoskeletal networks rupture.
The defect provoked by the lack of desmin (i.e., increase in cell fragility and degeneration of muscle fibers) is very similar to what has been described for keratin in epithelial tissue during mechanical stress where a lack of keratin results in a loss in the integrity of the skin (Fuchs, 1994; Fuchs and Weber, 1994; McLean et al., 1994 Porter et al., 1996) or in liver (Baribault et al., 1993) . Epidermolysis bullosa simplex (Bonifas et al., 1991; Coulombe et al., 1991; Lane et al., 1992; Chan et al., 1994) , epidermolytic hyperkeratosis (Chipev et al., 1992) , and epidermolytic palmoplantar keratoderma (Reis et al., 1994) were the first group of human diseases discovered to be IF disorders and characterized by mechanically induced skin blistering caused by cytolysis within the basal layer of the epidermis.
A similar degenerative process has been observed for astrocytes in the cerebellum of vimentin-deficient mice (Galou et al., 1996) , whereas these mice develop and reproduce (Colucci-Guyon et al., 1994) as well as glial fibrillary acidic protein (GFAP)-deficient mice (Gomi et al., 1995; Pekny et al., 1995) . However, in older GFAP-deficient mice defects were detected in the central nervous system, such as white matter loss and impairment of blood-brain barrier (Lieddtke at al., 1996) . Another class of candidate for IF disorders are those that might involve neurofilament (NF) genes. Neuronal abnormalities, including massive accumulation of neurofilaments in cell bodies and proximal axons, have been described in amyotrophic lateral sclerosis. Similar morphological changes have also been reported in transgenic mice that overexpressed either wild-type or mutant NFs. Thus primary changes in the NF intermediate filament proteins also trigger a neurodegenerative process (Lee and Cleveland, 1994; Collard et al., 1995) .
At present, no disease has been found to be directly related to a lack of desmin in humans. However, several myopathies have been described where the desmin filaments are disrupted (Thornell et al., 1980 (Thornell et al., , 1983 Pellissier et al., 1989; Goebel and Borneman, 1993; Ariza et al., 1995; Goebel and Fardeau, 1996; Vicart et al., 1996) . Hence although human studies have not yet been conclusive, it seems possible that a myopathy will be found that results from a desmin mutation.
